Coupling between 4f and itinerant electrons in SmFeAsOi- 

superconductors: an NMR study. 
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^^F NMR measurements in SmFeAsOi-iFi, for 0.15 < x < 0.2, are presented. The nuclear spin- 
lattice relaxation rate l/Ti increases upon cooling with a trend analogous to the one already observed 
in CeCu5.2Auo.8, a quasi two-dimensional heavy-fermion intermetallic compound with an antiferro- 
magnetic ground-state. In particular, the behaviour of the relaxation rate either in SmFeAsOi_a;Fj; 
or in CeCu5.2Auo.8 can be described in the framework of the self-consistent renormalization theory 
for weakly itinerant electron systems. Remarkably, no effect of the superconducting transition on 
i9p l/Ti is detected, a phenomenon which can hardly be explained within a single band model. 
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Although magnetism and superconductivity are often 
mutually exclusive phenomena they are observed to oc- 
cur simultaneously in several strongly correlated electron 
systems^. In the underdoped high-Tj, superconductors 
the presence of both phenomena suggested the onset of 
a microscopic phase separation within the CUO2 planes 
in magnetically ordered and superconducting regions^i^. 
In those compounds also rare-earth (RE) magnetism and 
superconductivity were found to coexisl4. A similar sce- 
nario was recently found in Fe-based superconductors.— 
At variance with hole-doped cuprates but similarly to 
electron-doped ones;^ in Fe-based superconductors RE 
/ electrons do not appear to be decoupled from the Fermi 
sea. In fact, in superconductors of the so-called 1111 
family, the reduction of the superconducting transition 
temperature Tc with pressure was explained in terms of 
a Kondo-coupling between / and conduction electrons^. 
Also the relatively large magnetic ordering temperatures 
of the RE ions^, in some cases exceeding 10 K, can hardly 
be explained without invoking a hybridization between / 
and conduction electrons, namely an RKKY coupling. 
Moreover, the magnitude of the hyperfine interaction be- 
tween ""^As nuclei and / electrons in NdFeAsOi_a;Fa~S 
suggests a non-negligible coupling between / and itiner- 
ant electrons. Even the magnitude of the Sommerfeld co- 
efficient in the specific heat indicates that the hybridiza- 
tion of the conduction electron wave functions with RE 
/ orbitals leads to a renormalization of the effective elec- 
tron massiii Thus, it is conceivable that the physics un- 
derlying the Fe-based superconductors of the 1111 family 
with a magnetic RE shares some similarities with that of 
intermetallic heavy fermion compoundsi^. 

In the following the study of the static and dynamic 
properties of SmFeAsOi-ajF^; superconductors involving 
/-electrons will be discussed in the light of ^^F NMR 
spectroscopy and nuclear spin-lattice relaxation measure- 
ments. It will be shown that, remarkably, ""^^F nuclear 
spin-lattice relaxation rate 1 /Ti is not affected by the su- 
perconducting transition. On the other hand, l/Ti can 
be suitably described in the framework of Moriya self- 



consistent renormalization (SCR) theoryiS, for weakly 
itinerant two-dimensional (2D) antiferromagnets (AF). 
In fact, within this model one can explain both the tem- 
perature (T) dependence of ^^F 1/Ti in SmFeAsOi_a;Fa; 
and of ^■^Cu 1/Ti in CeCu5.2Auo.8, a 2D heavy fermion 
AF=M. The static uniform spin susceptibility derived from 
the NMR shift follows a Curie- Weiss law, as expected, 
with a relatively large negative Curie- Weiss temperature. 
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FIG. 1: T-dependence of the field-cooled magnetization in 
SmFeAsOo.8Fo.2, for a magnetic field H ~ 5 Oe. 

Polycrystalline Sm-1111 samples were synthesized in 
sealed crucibles of tantalumJ^ This procedure reduces F 
losses since it avoids the partial reaction of fluorine with 
the quartz vessel, so that it guarantees that the doping 
content strictly scales with the nominal one, x, which 
is intended both as an upper limit to the real content 
and as a sample label. The samples showed well de- 
fined superconducting transitions detected by means of 
a superconducting quantum interference device (SQUID) 
magnetometer (Figjl]). /iSR measurements performed in 
the X = 0.2 sample show that the whole sample becomes 
superconducting below Tj^^. 

NMR measurements were performed by using stan- 
dard radiofrequency (RF) pulse sequences. The intensity 
of the echo signal was maximized by a 7r/2 — t — 7r/2 
solid echo pulse sequence and ^^F NMR spectra were 
obtained from the Fourier transform of the second half 
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of the echo. The spectra were characterized by a neg- 
ative shift, with respect to ^^F NMR signal in PTFE, 
(Figl2]) which progressively increased upon cooling. The 
linewidth was found to be weakly T-dependent above Tc, 
due to a small anisotropic dipolar hyperfine coupling. On 
the other hand, a broadening was evidenced in the super- 
conducting phase, due to the presence of the flux lines 
lattice field distribution. The magnitude of this distri- 
bution is similar to the one detected by means of ^^F 
NMR in LaFeAsOi_a;F2.fii however it appears to be sig- 
nificantly reduced with respect to the one detected by 
/iSR on the same SmFcAsOo.8Fo.2 sample. The origin of 
this discrepancy will be discussed elsewhere. 
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FIG. 2: T-dependence of ^^F NMR shift in SmFeAsOo.ssFo.is, 
for H = 9 Tesla. In the inset the inverse of the shift is re- 
ported as a function of T in order to evidence the Curie- Weiss 
behaviour of the spin susceptibility. 

The T-dependence of the NMR shift AK is directly 
related to the one of the static uniform spin susceptibility 
Xs- In fact, one can write 



AK 



(1) 



where A is ^^F hyperfine coupling with the /-electrons, 
which dominates the response function, while S is the 
chemical shift. Hence, by plotting AK vs. Xs esti- 
mated with a SQUID magnetometer, leaving T as an 
implicit parameter, one can estimate A = —4.1 ± 0.3 
kOe. The T-dependence of AK indicates that Xs fol- 
lows a Curie- Weiss law with a Curie- Weiss temperature 
Q — —11 K. Remarkably is an order of magnitude 
larger than the one of SmBa2Cu307,^ but close to the 
one estimated for Sm2Cu04, where an indirect exchange 
coupling mechanism has been invoked;^ In this latter 
electron-doped cuprate also the magnetic ordering tem- 
perature of Sm'^+ moments is very close to the one found 
in SmFeAsOi_j:Fj:. These observations indicate that the 
exchange coupling J among Sm'^"'" magnetic moments 
in SmFeAsOi_xFx cannot be justified in terms of a di- 
rect exchange mechanism but rather suggests an indirect 
RKKY coupling. 
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FIG. 3: (Top) T-dependence of 1/Ti in SmFeAsOo.8Fo.2, for 
H — 1 Tesla. In the inset a typical recovery law for the nuclear 
magnetization is reported. (Bottom) T-dependence of 1/TiT 
in the a; = 0.15 and x = 0.2 samples, showing no significant 
field or x dependence of 1/Ti in this doping range. The dashed 
line represents the empirical power law 1/TiT ~ T~^'^. 



Nuclear spin-lattice relaxation rate was derived from 
the recovery of the nuclear magnetization m(r), after 
TO(r) was set to zero by an appropriate excitation RF 
pulse sequence. The recovery of nuclear magnetiza- 
tion ^(t) = 1 — [m(T)/m(oo)] was found to be a sin- 
gle exponential (Fig. [3]), as expected for an ensemble 
of / = 1/2 nuclei with a common spin temperature 
and confirming the good sample homogeneity. The T- 
dependence of 1 /Ti , derived by fitting the recovery laws 
with j/(t) = exp(— r/Ti), is reported in Fig. [31 One 
notices that 1 /Ti increases with decreasing T and, even- 
tually, below about 10 K, the short transverse relaxation 
time prevents the observation of ^^F NMR signal. Re- 
markably no anomaly in the ^^F spin-lattice relaxation 
is detected at Tc (see Fig. 3 at the top). The measure- 
ments, performed at magnetic fields ranging from a few 
kCauss up to 9 Tesla, show that in the explored T range 
1/Ti is field independent (FigE]). 



3 



Now we turn to the discussion of the T-dependence 
of NMR l/Ti. First of all it is observed that ^^F 
spin-lattice relaxation rate in SmFeAsOi-jjF^: is three or- 
ders of magnitude larger than in LaFeAsOi_a;Fa;— , which 
clearly indicates that ^^F nuclei are probing low-energy 
excitations involving Sm'^+ / electrons. Such an enhance- 
ment was recently observed also for ^^As l/Ti in 1111 
superconductors with Pr or Nd.-'^* Since ^^F nuclei probe 
the correlated spin dynamics within weakly coupled SmO 
layers one can at first try to justify the T-dependence of 
1/Ti by considering the T-dependence of the in-plane 
correlation length ^ for a 2D AF with localized spins. 
For a nuclear relaxation mechanism driven by spin fluc- 
tuations one can write 

with x" {q, Wfl) the imaginary part of the dynamical spin 
susceptibility at the resonance frequency lor and \A^\'^ 
the form factor describing the liyperfine coupling with the 
spin excitations at wavevector q. In the assumption that 
does not filter out critical fluctuations, by using 
2D scaling arguments one finds 1/Ti oc ^^^^ with z = 1 
the dynamical scaling exponent. For a 2D Heisenberg 
AF with localized spins one has ^ oc exp{2T: ps/T), with 
Ps ^ J the spin stiffness^". Since J'^-'O^— IIK, 
it is difficult to justify within this model an increase in 
l/Ti starting at T ~ 200 K > |9|. The even more rapid 
increase of ^ on cooling expected for 2D Ising or XY 
systems would not explain the experimental results. 

One could also consider that the excitations probed 
by ^^F nuclei involve transitions among Sm'^+ crystal 
field levels characterized by three doublets at energies 
oi El ^ 0,E2 = 20 and E3 = 45 meV^i. Then the re- 
laxation processes would be Raman ones involving the 
exchange of energy hujn between Sm'^+ moments and the 
nuclei^. Accordingly the T-dependence of 1/Ti is de- 
termined by the Boltzmann factors describing the varia- 
tion in the population of the crystal field levelsi^ Since 
in the explored T-range fc^T <C E3 one can consider 
just the two low-energy doublets and one would find a 
T-dependence characterized by an activated correlation 
time with an energy barrier £'2'^ If one tries to fit the 
data within this approach one would find a barrier one 
order of magnitude smaller than E2 , showing that crystal 
field excitations cannot explain the spin dynamics. 

On the other hand, as it was pointed out in the pre- 
vious paragraphs, the presence of an indirect RKKY 
exchange coupling would indicate a non-negligible hy- 
bridization between / orbitals and the conduction band, 
a scenario typically found in heavy fermion intermetallic 
compounds. Since no anomaly in 1/Ti is detected at Tc 
these conduction electrons should not be or only weakly 
be involved in the pairing mechanism. This would be pos- 
sible only if different bands cross the Fermi surface, as it 
is the case herCi^— Hence, the enhancement of Tc caused 
by Sm in the 1111 superconductors should be associated 



with a size effect only and not to a direct involvement of 
/ electrons in the pairing mechanism. 

It is interesting to notice that if one tries to fit the 
increase of 1/TiT with a power law one finds 1/TiT ^ 
y-i.6±o.i (Fig, 3)_ This power law is nearly identical to 
the one found in CeFePO^, a compound with the same 
structure of SmFeAsO, where ^ip 1/TiT ~ T-^-^. In 
that compound the behaviour of 1/Ti is consistent with 
the one of a weakly itinerant metal with a Fermi liquid 
ground-state^^. Therefore, it is conceivable to analyze 
1/Ti results for SmFeAsOi_a;Fa; in the framework of the 
SCR theory developed by Moriya to describe weakly itin- 
erant systems. Following Ishikagi and Moriyap^^ one can 
write the dynamical spin susceptibility in terms of two 
characteristic parameters Tq and Ta which characterize 
the width of the spin excitations spectrum in frequency 
and q ranges, respectively. For antiferromagnetic corre- 
lations, as suggested by the negative Curie- Weiss tem- 
perature, one has^® 



where x — q/qo, with qo a Debye-like cutoff wave- 
vector, aq a dimensionless interaction constant and y = 
l/2aQA:BTAx(0, 0). Here x(0;0) is the susceptibility per 
spin in units, with dimensions of the inverse of en- 
ergy, while Ta and To are in Kelvin. From the previous 
expression one can derive cijfl)/wfl by taking the 

limit lor — >■ 0, since hiun is well below the character- 
istic energy of spin fluctuations. One can assume that 
the form factor \Aq\'^ ~ is almost g-independent, as 
expected for delocalized electrons. Then, by integrating 
x" {q, r) / R over q in 2D, over a circle of radius qjj 
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FIG. 4: Semi-logarithmic plot of ^^F Ti/T vs. T in 
SmFeAsOi-i:Fi:, for x = 0.15 (squares) and x = 0.2 (cir- 
cles) . The solid line shows the best fit according to Eq. 7. In 
the inset the same type of plot is shown for ®^Cu NQR Ti/T 
vs. T in CeCu5.2Auo.8 (data from Ref.28i') . 
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centered at the AF wavevector Qa_f, one derives 



1 



T 



1 



2 AirkBTATaUQ y(l + y) 



(4) 



Now, for correlated electron spins^^ y 1 and, by re- 
sorting to the expression for y reported in the paragraph 
above, one can simplify Eq. 4 in the form 



1 I'A^T 



(5) 



The T-dependence of 1/Ti in the previous equation is 
determined by the one of x{Qaf)i which can be written 
in terms of the in-plane correlation length ^. Taking into 
account the appropriate scaling and sum ruleSfi^ one has 



XiQAF) 



5(5 + 1)4<2 
3fcBrin[47r$2 ^_ 



(6) 



Since for T <C Tq the in-plane correlation length of this 
weakly itinerant metal should scale as ^ ^ ^jT^jT^'' by 
substituting this expression in Eq. 6 and then in Eq. 5 
one has 



1 



1 



2 ^1B ln[47rTo/T] 



(7) 



Finally, since for T » 6 the shift AK cxl/T one finds 
(Ti/T) ~ ln[47rTo/T]. In order to check the vahdity of 
this expression we have first considered the T-dependence 
of 1/Ti in CeCu5.2Auo.8, a heavy fermion intermetallic 
compound with 2D antiferromagnetic correlations which 
give rise to a magnetic ground-state. In the inset of Fig. |4] 
we report ^^Cu Ti/T for this compound^^. One notices 
that Eq. 7 nicely fits the data, with Tq = 3.2 ± 0.3 
K. In Fig. |4]we report the same plot for ^^F nuclei in 
SmFeAsOi_a;Fa; for a; = 0.2 and x = 0.15. In spite of the 
more significant scattering in the data one notices that 
also in SmFeAsOi_a;Fa; the same logarithmic divergence 
of Ti/T is observed, with Tq = 76 ± 15 K. 



In conclusion we have shown that in SmFeAsOi_a;Fa; 
the T-dependence of -^^F l/Ti, driven by / electrons, can 
be explained by considering the low-energy excitations in 
SmO(F) layers as those of a 2D weakly itinerant AF. This 
observation brings further support to a non-negligible 
coupling between / and conduction electrons in the su- 
perconductors of the 1111 family and to an active role of 
/ electrons in determining the electronic properties. The 
absence of any anomaly in l/Ti at suggests the pres- 
ence of different bands crossing the Fermi surface, not all 
of them significantly involved in the pairing mechanism. 
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